SCIENTIFIC 

REPORTS 




SUBJECT AREAS: 
ANTIMICROBIALS 
NANOBIOTECHNOLOGY 
BIOPHYSICS 
CHEMISTRY 

Received 
8 June 2012 

Accepted 
30 July 2012 

Published 
14 August 2012 



Correspondence and 
requests for materials 
should be addressed to 
E.D. (edague@laas.fr) 



Nanoscale analysis of the effects of 
antibiotics and CXI on a Pseudomonos 
aeruginosa multid rug-resistant strain 

C. Formosa 1 ' 2 ' 3 4 , M. Grare 6 , E. Jauvert 1 ' 23 , A. Coutable 1 ' 2 3 , J. B. Regnouf-de-Vains 4 , M. Mourer 4 , 
R. E. Duval 4 - 5 &E. Dague 12 ' 3 

'Centre National de la Recherche Scientifique, Laboratoire d'Analyse et d'Architecture des systemes (LAAS), Toulouse, France, 
2 Centre National de la Recherche Scientifique, Toulouse, France, 3 Universite de Toulouse, Toulouse, France, 4 SRSMC, Universite de 
Lorraine - CNRS, Nancy, France, 5 ABC Platform®, Nancy, France, 6 Laboratoire de Bacteriologie Hygiene, Institut Federatif de 
Biologie, Toulouse, France. 

Drug resistance is a challenge that can be addressed using nanotechnology. We focused on the resistance of 
the bacteria Pseudomonas aeruginosa and investigated, using Atomic Force Microscopy (AFM), the 
behavior of a reference strain and of a multidrug resistant clinical strain, submitted to two antibiotics and to 
an innovative antibacterial drug (CXI). We measured the morphology, surface roughness and elasticity of 
the bacteria under physiological conditions and exposed to the antibacterial molecules. To go further in the 
molecules action mechanism, we explored the bacterial cell wall nanoscale organization using functionalized 
AFM tips. We have demonstrated that affected cells have a molecularly disorganized cell wall; surprisingly 
long molecules being pulled off from the cell wall by a lectin probe. Finally, we have elucidated the 
mechanism of action of CXI: it destroys the outer membrane of the bacteria as demonstrated by the results 
on artificial phospholipidic membranes and on the resistant strain. 

During the last three decades, the resistance to antibiotics has increased and disseminated all over the world. 
Bacteria have developed several ways to resist against almost all antibiotics used and few new effective 
antibiotics have been discovered so far 1,2 . The return in the pre-antibiotic era 3 seems to be a reality for some 
infections with multidrug-resistant (MDR) or extremely- drug resistant (XDR) bacteria 4 . Pseudomonas aerugi- 
nosa is one of these "superbugs"; and infections associated with multidrug-resistant P. aeruginosa are having a 
substantial impact on hospital costs and mortality rates. P. aeruginosa is an invasive, Gram negative opportunistic 
pathogen that causes a wide range of severe infections including bacteraemia, pneumonia, meningitis, urinary 
tract and wound infections 5 . Moreover, P. aeruginosa is naturally resistant to multiple antibiotics; this is due to its 
natural low outer membrane permeability and to many adaptive resistance mechanisms (loss of porins, surex- 
pression of efflux pumps, presence of many beta-lactamases or carbapenemases . . . ) 5 ~ 9 . Most frequently pandrug- 
resistant P. aeruginosa are isolated from wound or respiratory tract infections: resistance including third- 
generation cephalosporin, carbapenems, fluoroquinolones and aminosides. The last effective antibiotic was often 
colistin, an old and highly toxic molecule 1011 . There is therefore, an urgent need for new antibacterials, with an 
innovative mechanism of action. 

Among various approaches to develop new antibacterial agents is one dedicated to cationic compounds 12 . In 
this work we focused on a polycationic calixarene-based guanidinium compound. Calixarenes are rigid oligo- 
meric phenol macrocycles spatially organized, purely synthetic, with a structure completely different from 
antibiotics currently used in therapy 13 . Pioneer works demonstrated that our lead compound, the tetra para- 
guanidinoethylcalix[4]arene 13 (named CXI) has a real antibacterial activity with a broad spectrum, including 
MDR bacteria 14 . The main interest of this new drug is that because of an innovative structure, it will take bacteria 
some time to find a mechanism of resistance. Moreover we have demonstrated in vitro that this compound is not 
able to select resistant mutant 15 . However the mechanism of action of this new cationic antibacterial drug has not 
yet been extensively studied. The initial hypothesis is that the introduction of positive charges on the calixarene 
core (i.e. guanidinium functions) leads to a constrained tetra cation able to disorganize the bacterial cell wall. P. 
aeruginosa possesses a highly negatively charged outer membrane and so is a good candidate to study the 
interaction with CXI. 
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Since it's invention in 1986, Atomic Force Microscopy (AFM) 16,17 
has created new paradigms in life nanoscience. It gives access to 
the ultrastructural (imaging, Single Molecule Force Spectroscopy 
(SMFS)) and nanomechanical (force spectroscopy) properties of sin- 
gle living cells 18 22 . For the study of live bacteria, AFM provides the 
opportunity to investigate the surface nanostructure under con- 
trolled aqueous conditions 23,24 . Therefore it is ideal to study the 
nanoscale effects of an ti- infective drugs on bacteria 25,26 . 

Results 

The approach that we have developed includes several technical 
aspects of the AFM (imaging living cells, supported bilayers, SMFS, 
nanomechanical measurements). The experimental components and 
principle of our approach are described in Fig. 1. P. aeruginosa cells 
were immobilized 27 by taking advantage of the electrostatic interaction 
between the bacteria's negative charges and a positively charged sur- 
face. To this end, glass slides were coated with PolyEthylenlmine 
(PEI), a polycation. Bacteria were then incubated on the PEI coated 
glass slides for an hour at room temperature 28 . 

In the first part of this study, we characterized the effects of ticar- 
cillin and tobramycin on the structure and the nanomechanical 



properties of P. aeruginosa ATCC 27853 (reference strain) and 
PaR3 (clinical strain resistant to almost all antibiotics, antibiogram 
in Supplemantary data 1). In a second part, by comparing the nano- 
effects (cell shape alteration, elasticity modifications, cell wall dis- 
organization) caused by them with the ones caused by CXI, we get a 
better understanding of the mechanism of action of CXI (Fig.l). 

Morphology and surface roughness. The morphological effects, of 
ticarcillin and tobramycin on the reference strain are presented 
in Table 1. Supplementary data 2 and 3 present the raw data of 
respectively morphology and surface roughness. The results show 
only one analysis, these features were observed on at least 5 
bacteria coming from 3 independent cultures. Bacteria in native 
conditions (without treatment) show a smooth surface. They are 
2.2 um long, 1.1 um large and 453.5 nm high. We confirmed at 
the nanoscale, that bacteria growing in the presence of ticarcillin 
formed filaments of 6 to 18 um long. For tobramycin, we showed 
that treated bacteria have a deformed cell wall. These effects of the 
antibiotics are not observed on the multidrug resistant strain PaR3, 
demonstrating that these two molecules have no effect on the 
morphology of the bacteria. Concerning our lead compound, CXI, 




Figure 1 | Schematic representation of the strategy used, (a) cells cultivated in Mueller Hinton broth for 20 hours at 35°C are immobilized on a 
polyethylenimine coated glass slide for AFM experiments, (b) optical image of the surface covered with immobilized untreated P. aeruginosa ATCC 
27853. (c) molecules used in the study and their targets, (d) optical images of P. aeruginosa ATCC 27853 treated by ticarcillin (4 |Tg/mL), (e) by tobramycin 
(0.25 ug/mL) and (f) by CXI (32 ug/mL). 
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Table 1 Recapitulative table of the morphology and rough 
length, W stands for width and H stands for height. The 
independent cultures 


ness results obtained on P. aeruginosa ATCC 27853 and PaR3. L stands for 
analyses were performed on at least 5 different bacteria coming from 3 






ATCC 27853 






PaR3 






Size 


Aspect 


Roughness 


Size 


Aspect 


Roughness 


Native 
Ticarcillin 
Tobramycin 
CXI 


L: 2.2 ± 0.3 nm 
W:l.l ± 0.1 nm 
H- 453 5 + 9 5 nm 
L: Variable 
W: 1.0±0.3nm 
H: 251.1 ± 17.9nm 
L: 3.2 ± 0.8 nm 
W: 1.1 ±0.2nm 
H: 205.2 ± 30.6 nm 
L: 2.0 ± 0.2 nm 
W: 1.3±0.2nm 
H: 458.6 ±51.5 nm 


Smooth 
Filament 
Altered surface 
Altered surface 


0.2 ± 0.04 nm 
0.6 ±0.1 nm 
0.6 ±0.1 nm 
1 .0 ± 0.2 nm 


L: 1 .6 ± 0.2 nm 
W: 0.6 ± 0.1 nm 
H- 350 4 + 14 4 nm 

II. O \J . *■+ — 1 *~T . Mill 

L: 1 .6 ± 0.1 nm 
W: 0.6 ± 0.1 nm 
H: 352.8 ± 33.3 nm 
L: 1 .6 ± 0.1 nm 
W: 0.6 ±0.1 nm 
H: 355.4 ± 37.2 nm 
L: 1 .8 ± 0.1 nm 
W: 0.6 ±0.1 nm 
H: 355.9 ± 36.9 nm 


Smooth 
Smooth 
Smooth 

Altered surface 


0.6 ±0.1 nm 
0.6 ±0.1 nm 
0.6 ±0.1 nm 
1.5 ± 0.2 nm 



we showed that it causes an alteration of the bacterial cell wall on the 
two different strains, without size modifications. We also focused on 
the surface roughness as it is a feature that characterizes a bacterial 
species 25,26,29 (Table 1 and Supplementary Data 3) and showed that 
the surface of the reference strain was modified by the three 
molecules: the roughness is increased from 0.2 nm to 0.6 nm in 
presence of ticarcillin or tobramycin, and to 1.0 nm in presence of 
CXI. PaR3 presented a smooth surface with no modification of the 
roughness when grown with antibiotics. When treated by CXI, the 
surface aspect is modified, showing perforations, and the roughness 
is increased from 0.6 to 1.5 nm. 

Nanomechanical properties. In view of the role of the bacterial 
cell wall conferring rigidity and protection, we then addressed the 
pertinent question as to whether the observed structural changes 
were correlated with differences in the cell wall mechanical pro- 
perties. To this end, PaR3 treated with ticarcillin, tobramycin or 
CXI were probed using nanoindentation measurements (Fig. 2). 
Several bacteria were probed (global effect) and then local measure- 
ments (surface elasticity) were performed on each bacterium present 
on the global force map (n=5). These experiments were also 
conducted on P. aeruginosa ATCC 27853 (Supplementary data 4). 
To this end, arrays of 32 by 32 force curves were recorded on each 
bacterium. All the force curves were then converted into indentation 
curves and fitted with the Hertz model F = ((2.E.tana)/(Jt.(l-v 2 )).8 2 , 
where F is the force (experimentally measured), E the Young 
modulus, a the opening angle of the tip (measured using MEB 35°, 
data not shown), v the Poisson ratio (arbitrarily assumed to be 0.5) 
and 8 the indentation (experimentally measured). This procedure 
gives access to the Young Modulus values that are represented on the 
histograms on Fig. 2. For each experiment, AFM tips were calibrated 
using the thermal noise method 30 , the spring constant values ranged 
from 0.012 to 0.019 N/m. The global force maps give information 
about the multidrug resistant bacterial population behavior towards 
the different molecules; it seems that only CXI treated cells have an 
affected cell wall with a global decreased elasticity compared to 
antibiotics treated cells. These information were then confirmed 
with the local nanoindentation measurements that show that 
untreated PaR3 cells have a Young Modulus of 520 ± 100 kPa, 
whereas ticarcillin or tobramycin- treated bacteria had a Young 
Modulus respectively of 300 ± 66 kPa and 252 ± 61 kPa. After 
treatment by CXI, bacteria presented a Young modulus that drops 
to 76 ± 28 kPa. These results showed that interestingly, treatment by 
ticarcillin and tobramycin decreases the cell wall elasticity, but in a 
reasonable range. CXI, however, dramatically decreases the cell wall 
elasticity. 



Single molecule force spectroscopy. At this stage of the work, we 
know that CXI disorganizes the cell wall of P. aeruginosa, but we still 
do not know how. To go further, dendritips 31,32 were functionalized 
with lectin ConcanavalinA (Con A). Con A binding structure and 
specificity have been well determined for mannose-containing 
structures 33 35 , including recognition of biantennary, complex N- 
glycans 36 , and for terminal glucose 35 . These lectin tips were then 
used to perform adhesion force maps on bacteria in their native 
environment, or after treatment by the three molecules. Fig. 3 
shows the force curves recorded on the two strains in the different 
conditions. We can see that force curves recorded on both untreated 
strains showed no adhesions (Fig. 3b). After ticarcillin or tobramycin 
treatment, the reference strain showed force curves presenting many 
adhesions, and PaR3 showed nothing but flat curves (Fig. 3c and 3e). 
In Fig. 4, the distributions of the breaking forces and the ruptures 
distances (as sketched in Fig. 4g) were represented in histograms, for 
the conditions for which force curves showed adhesions. First, for the 
reference strain, with ticarcillin (Fig. 4a and 4b), the adhesion forces 
reached 98 ± 56 pN. Only a small fraction of these adhesions 
happened between 0 and 1 urn (3%), the major part ranging from 
2 to 6 urn. With tobramycin (Fig. 4c) the force curves showed multi- 
ple adhesions. The adhesion force histogram (Fig. 4d) shows that 
forces only reach 37 ± 1 pN which is more or less three times less 
than with ticarcillin. Similar results were obtained with CXI; adhe- 
sions were ranging from 0 to 5 um (Fig. 4e), and forces reached 186 ± 
206 pN (Fig. 4f). For PaR3, we have previously showed that only CXI 
conducted to a decrease in the elasticity of the cell wall. On the force 
curves recorded on PaR3 with a lectin probe, we observed adhesions 
ranging from 0 to 6 um (Fig. 4j), and that reached 135 ±127 pN 
(Fig. 4k). The pulled out molecules are surprisingly long (up to 6 um), 
much longer than the bacteria itself. 

Effects of CXI on supported bilayers. In order to mimic the effect 
of CXI on the outer membrane of P. aeruginosa, we created 
phospholipidic bilayers supported on mica leaves with lipids wide- 
ly found in bacterial outer membranes; POPE ( 1 -Palmitoyl-2-oleoyl- 
sn-glycero-3-phosophoethanolamine) and POPG (l-Palmitoyl-2- 
oleoyl-sn-glycero-3-phosphatidylglycerol) (2:1) 37 . The method was 
previously described and has proven useful for the understanding of 
surfactin effect on lipid bilayer 38 . The results showed in Fig. 5 pre- 
sent these bilayers treated by CXI at a concentration of 10 ug/mL. 
We have seen that in 1 hour, holes were created in the synthetic 
membrane. Those holes could be compared to the one observed in 
the cell wall of PaR3 treated by CXI (Fig. 5e and 5f), which allowed us 
to think that CXI , with its spatial organization and its charges, is able 
to create perforations in the bacterial outer membrane. 
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Young Modulus (kPa) 



Figure 2 | Mapping of P. aeruginosa R3 cell surface elasticity, (a) vertical deflection image of native cells, (e) ticarcillin-treated cells (4 ug/mL), 
(i) tobramycin-treated cells (0.25 ug/mL). (m) height image (z-range = 800 nm) of CXl-treated cells (32 ug/mL). (b), (f), (j) and (n), elasticity maps 
(z-range = 1.5 MPa) corresponding to the vertical deflection images, (c), (g), (k) and (o), local elasticity maps (z-range = 800 kPa) recorded on one 
bacterium from the corresponding vertical deflection images, (d), (h), (1) and (p), distributions of Young Modulus values corresponding to the local 
elasticity maps. 



Discussion 

We choose to work with two strains of P. aeruginosa; a reference 
strain susceptible to antibiotics (ATCC 27853), and a clinical 
isolate (PaR3, ABC Platform® Bugs Bank) collected from a res- 
piratory sample, resistant to almost all antibiotics (antibiotic sus- 
ceptibility profile is given in Supplementary data 1). This isolate is 
resistant to ticarcillin and tobramycin, two antibiotics widely used 
in P. aeruginosa infections. The first one belongs to the PTactams 
family, and inhibits the peptidoglycan synthesis by interacting 
with the Penicillin Binding Proteins (PBP). After treatment by 
ticarcillin, filamentous forms of P. aeruginosa are described 28,39 . 
This is caused by the fact that PTactams like ticarcillin activate 
the SOS system of bacteria, therefore inhibiting the cell division 3 '. 
Tobramycin belongs to the aminoglycosides family and interacts 
with the 30S ribosomal sub-unit. This leads to the synthesis of 



abnormal proteins which are then incorporated to the cell wall, 
which loses its integrity. 

The results of surface roughness, consistent with the morphology 
analysis, showed that only CXI is able to alter the cell wall of PaR3 
and this is our first clue; thus, we have originally emphasized the fact 
that PaR3 is resistant to ticarcillin and tobramycin. However, we can 
hypothesize that the resistance mechanism must either have an 
energy cost, or result in a cell wall modification since the elasticity 
is a little decreased by classical antibiotics. So after 24 hours of grow- 
ing in the presence of the antibiotics, PaR3 cell wall seems to be 
affected in an insignificant way. With CXI, the elasticity decreased, 
indicating that the integrity of the wall is compromised. PaR3 is 
unable to resist to the disorganization of the cell wall induced by 
CXI, whereas it resists to the one induced by ticarcillin and tobra- 
mycin. So, we showed that an innovative molecule, like CXI, is able 
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Figure 3 | Force spectroscopy of the ConA-tip interactions. Schematic representation of the force curves (retract segment) obtained with 
ConcanavalinA functionalized tips on P. aeruginosa ATCC 27853 and PaR3 in native conditions, treated by ticarcillin (4 ug/mL), tobramycin 
(0.25 ug/mL) and CXI (32 |tg/mL). The 4 force curves (n) presented by conditions were chosen out of 3072 curves recorded on 3 different bacteria coming 
from 3 independent cultures. 



to disorganize the cell wall of a MDR P. aeruginosa. The bacterial cell 
wall plays several roles, it is a barrier that withstands the osmotic 
pressure, it gives shape to the cells, ensures communication with the 
environment. Thus the cell wall disorganization is another proof 
showing that CXI is an efficient antimicrobial molecule against a 
resistant strain of P. aeruginosa. 

The next step in this investigation has been to explore at the 
molecular level, the effects of the antibiotics and of CXI. To this 
end we used lectin functionalized AFM probes and looked at what 
could be pulled out from the surface (fig. 3 and 4). PaR3 showed 
nothing but flat curves with ticarcillin and tobramycin. This can be 
explained by the fact that PaR3 cell wall was not disorganized and no 
molecules could be pulled out from the surface by the functionalized 
AFM tip. But interestingly, when CXI was used to treat the different 
bacterial strains, multiple adhesions could be seen on the force curves 



(Fig. 3d). These new results are consistent with the nanomechanical 
evidence. CXI disorganizes the bacterial cell at the molecular level. 
On the reference strain, antibiotics and CXI disorganized the cell 
wall leading to a dramatic decrease of the elasticity (Supplementary 
data 4) and to the stretching of surprisingly long glycans (lectin 
recognition) molecules. We must, therefore, have unfolded a super 
coiled molecule. Recently, Andre et al studied the architecture of 
peptidoglycan in Bacillus subtilis 40 , and showed that glycan strands 
could be polymerized and crosslinked to form a peptidoglycan rope, 
which would then be coiled into a helical cable. Hayhurst et al 41 
worked on the same bacteria and showed that glycan strands were 
up to 5 um, so way longer than the cell itself. The authors also 
proposed a coiled-coil model for peptidoglycan architecture. 
Following these ideas, our AFM tips could pull the peptidoglycan 
and uncoil it on large distances, consistently with the force curves 
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Figure 4 | Force spectroscopy of the ConA-tips interactions, (a), adhesion force histograms (n = 1024 force curves) obtained on P. aeruginosa ATCC 
27853 ticarcillin-treated cells (4 ng/mL), (c), tobramycin-treated cells (0.25 ug/mL) and (e), CXl-treated cells (32 (ig/mL). (b), (d) and (f), corresponding 
rupture distance histograms, (g), schematic representation of how the retract segment of the force curves were analyzed, (h), adhesion force histograms 
(n = 1024 force curves) obtained on P. aeruginosa R3 tobramycin-treated cells (0.25 ug/mL) and (j), CXl-treated cells (32 ng/mL). (i) and (k), 
corresponding rupture distance histograms. 



observed in Fig. 3. In Gram-negative bacteria, a thin peptidoglycan 
layer is overlaid by a bilayers of phospholipids and lipopolysacchar- 
ids containing membrane proteins (for example porins, Braun 
lipoproteins) 40 . When bacteria are in native conditions, the peptido- 
glycan is very well organized and covered by the outer membrane, 
thus inaccessible for the lectin probe, resulting in no adhesive beha- 
vior when probed with a lectin tip. But when the ATCC strain is 
treated by ticarcillin, the landscape is different. Ticarcillin binds 
to transmembrane enzymes: carboxypeptidase and transpeptidase 
respectively responsible for the cleavage of the DAla-DAla motif 
and the assembly of the cleaved pentapeptides. The bacteria are thus 
unable to grow normally which leads to the activation of their SOS 
system. This results in extraordinary long bacteria (sometimes longer 
than 10 um). Nevertheless, at the extremity of these "spaghetti"-like 
bacteria, a 2 um long part of normal peptidoglycan remains. So when 
pulling with the lectin probe on the first 2 um at the extremity of the 
bacteria, nothing happens. Then, new abnormal peptidoglycan is 
pulled out, which results in the force curves presented in Fig. 3. 

With tobramycin, it is the protein synthesis of the ATCC 27853 
strain that is altered. Braun lipoproteins and porins are essential 
components of the outer membrane structure. It is therefore not 
surprising that we can access to the peptidoglycan through the 
altered membrane. As the Young modulus is highly affected by 
tobramycin, it is also straight that the peptidoglycan is affected, but 
this is not yet described. However tobramycin inhibits the synthesis 
of all proteins among which the enzymes involved in the peptidogly- 
can synthesis. It is therefore not surprising that the peptidoglycan of 
tobramycin treated cells is abnormal and could lead to the force 
curves profile presented in Fig. 3c. 

Finally, with CXI, it is even clearer that the peptidoglycan is affec- 
ted for both the ATCC and the multidrug resistant strain PaR3; the 
Young modulus drops, indeed, dramatically. However, it must be 



noticed that for the ATCC strain; the force curves in Fig. 3d show 
less adhesive events with CXI treatment than with ticarcillin or 
tobramycin treatment. This is not true with PaR3 which seems very 
affected by CXI. 

A keen analyze conducted on the force curves presented on Fig. 3 
shows that the distance between each adhesive event, when occur- 
ring, is of 280 ±155 nm (277> n > 290 according to the condition). 
As Vollmer et at 42 proposed in a recent work, the glycan strands of P. 
aeruginosa are 17 nm long. In line with this data, and consistently 
with the architectural model of the peptidoglycan proposed by 
Dufrene and Foster's teams, it seems like our functionalized AFM 
tip pulls out from the damaged bacteria the peptidoglycan by "packs" 
of glycans strands. In Gram-negative bacteria, the peptidoglycan 
layer is encored to the outer membrane by the Braun lipoproteins. 
These "packs" of glycan strands could then correspond to the 
distances between the Braun lipoproteins all along the bacteria. 
Ticarcillin, tobramycin and CXI treatments induce, indeed, the same 
distance rupture between the adhesive events. This means that 
although the 3 molecules have completely different mechanism of 
action, they induce somehow the same disorder. Therefore the hypo- 
thesis of the distance between the Braun lipoproteins is consolidated. 
Braun lipoproteins synthesis is inhibited by tobramycin and they 
make the link between the peptidoglycan (ticarcillin inhibits its syn- 
thesis) and the outer membrane (CXI deeply alter phospholipid 
bilayers as it will be demonstrated in the next paragraph). If these 
new data gives light on the architecture of Gram negative bacteria cell 
wall, the fundamental mechanism of action of CXI still remains 
unclear. We suppose that, when the positively charged calixarene, 
interacts with the negatively charged ultrastructures of the bacterial 
surface (i.e. phospholipids and lipopolysaccharides), its particular 
three-dimensional organization causes disruptions of the outer 
membrane of the cell wall as suggested by the increased surface 
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Distance (pm) 

Figure 5 | POPE:POPG (2:1) supported bilayers. (a), height images (z-range =1.5 nm) of POPE:POPG (2:1) supported bilayers at t=0 minutes after 
treatment by CXI (0.01 mg/mL), and (c), 1 hour after treatment, (e), height images (z-range = 600 nm) of PaR3 treated by CXI (32 ug/mL). (b), (d) and 
(f), cross sections taken along the colored lines on the images. 



roughness (Supplementary data 4) which is in line with the mech- 
anism of action described for cationic antimicrobial peptides 43 ^ 46 . 

These AFM experiments, conducted on two P. aeruginosa strains, 
a susceptible one (ATCC 27853) and a resistant one (PaR3), has 
allowed us to evaluate the effects of three different antibacterial 
molecules. The in depth analysis of AFM raw data collected on 
treated bacteria is an original way to get fundamental knowledge 
on the bacterial cell wall organization. These results confirm that 
CXI is efficient on resistant bacteria and has a different mechanism 
of action as tobramycin and or ticarcillin. Also, these very new results 



allowed us to make an hypothesis on the potential mechanism of 
action of the CXI; it interacts with the surface of the Gram-negative 
bacteria and creates holes in the outer membrane. This hypothesis 
was then confirmed by the experiments conducted on the supported 
biomembranes that showed destruction by creation of holes. 
Interestingly it has been demonstrated that CXI has no side effects 
on eukaryotic HaCaT cells 14 or on membranes made of zwiterrionic 
phospholipids (DMPC, DMPS) 47 . 

It is also obvious that CXI damage the peptidoglycan as we saw on 
the nanoindentations results, and therefore there is no reason why 
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CXI could not reach and damage the inner membrane. The next step 
is now to determine if CXI has also an intracellular target, which has 
not been explored yet. 

Methods 

Bacteria growth conditions. The bacteria (ATCC 27853) (reference strain for the 
Comite de l'Antibiogramme de la Societe Francaise de Microbiologic, CA-SFM, the 
European Committee on Antimicrobial Susceptibility Testing, EUCAST, and the 
Clinical and Laboratory Standards Institute, CLSI) and Pa R3 (isolated from a 
respiratory sample, ABC platform® Bugs Bank) were stocked at —80 °C, revivified on 
Mueller Hinton Agar (Difco, 225250-500 g) and grown in Mueller Hinton Broth 
(Difco, 275730-500 g) for 24 hours at 35°C under static conditions. 

Antibiotic treatments. The antibiotics were added during the 18 to 24 hours before 
the experiments. 

Before AFM measurements were conducted, bacteria were grown in Mueller 
Hinton broth containing the antibiotics at a concentration of 4 ug/mL for ticarcillin 
(Sigma, T5639-1 g), 0.25 ug/mL for tobramycin (Sigma, T4014-100 mg), and 
32 ug/mL for CXI for 24 hours at 35°C. 

Sample preparation for AFM experiments. Cells were concentrated by 
centrifugation, washed 2 times in Milli-Q water, re-suspended in PBS IX (Sigma, 
P2194-10PAK) to a concentration of ~ 10 8 cells/mL, and immobilized on PEI (Fluka 
P3142-100 mL) coated glass slides (prepared as described elsewhere e.g. 48 ). Briefly, 
freshly oxygen activated glass slides were covered by a 0.2% PEI solution in deionized 
water and left for incubation overnight. Then the glass slides were rinsed with 20 mL 
of Milli-Q water and nitrogen dried. A total of 1 mL of the bacterial suspension was 
then applied to the PEI coated glass slide, allowed to stand for one hour and rinsed 
with PBS IX. Images were recorded in PBS lx in contact mode with MLCT AUHW 
cantilever (nominal spring constant 0.01 N/m). The applied force was kept as low as 
possible around 200 pN. For imaging and force spectroscopy we used an AFM 
Nanowizard II and III (JPK instruments, Berlin, Germany). The cantilevers spring 
constant were measured by the thermal noise methods 30,49 ranging 14.56 to 
15.20 mN/m. The functionalized tips were produced according to a french patent of 
the authors 31 described later in sensors and actuators 32 . Briefly, AFM tips are 
functionalized with dendrimers presenting CHO functions able to covalently link 
with NH2 functions of proteins. Those dendritips are then incubated with the lectin 
concanavalin A (Sigma, L7647-100MG, lOOug/mL) for 1 hour, before being used for 
force spectroscopy experiments. 

Phospholipid bilayers. POPE (l-Palmitoyl-2-oleoyl-sn-glycero-3- 
phosophoethanolamine) and POPG (l-Palmitoyl-2-oleoyl-sn-glycero-3- 
phosphatidylglycerol) (Avanti Polar Lipids) were dissolved in CHC1 3 (2:1) and mixed 
in glass tubes to obtain the desired concentration. The solvent was evaporated with 
nitrogen and dried in a dessicator. Dried films were maintained under reduced 
pressure overnight and thereafter rehydrated using PBS 10 mM, 1 mM CaCl 2 , 1 mM 
MnCl 2 , pH 7.4. To obtain small unilamellar vesicles (SUVs), the suspension was 
sonicated to clarity (3 cycles of 3 min) using a 500W probe sonicator (Fisher Bioblock 
Scientific, France; 35% of the maximal power) while keeping the suspension in an ice 
bath. The suspension was finally centrifuged (5 min, 15000 g). The SUV solution was 
then put into contact with freshly cleaved mica substrates for 45 min at room 
temperature. Then samples were imaged using hyperdrive mode from Nanowizard 
III JPK instrument and PPP-NCHAuD-10 probes provided by Nanosensors. 
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